We have investigated the nonlinear and ultrafast photonics of chemically processed black phosphorus quantum dots (BPQDs) synthesized by the solvothermal treatment approach, with an average lateral size of about 2.48 ± 0.4 nm. BPQDs exhibit optical saturable absorption measured by the balanced twin-detector measurement system at the telecommunication band and have been demonstrated for the generation of passively modelocking operation in an erbium-doped fiber laser. Either two-pulse or three-pulse bound state of soliton pulse has been obtained, making the best use of the BPQDs-based saturable absorber. Our work suggests that BPQDs might be developed as an efficient optical saturable absorber for ultrafast photonics applications.
Introduction
The generation of bound soliton in passively mode-locked fiber lasers had attracted much attention owing to their important applications in high-speed optical communications, nonlinear optics, industrial materials processing, frequency comb, ultrafast spectroscopy, and so on [1] , [2] . Bound solitons, consisting of two or more identical solitons with discrete and fixed pulse separation and phase difference, have been both analytically and numerically investigated through the complex Ginzburg-Landau equation [3] . The phase-locked bound soliton resulting from direct soliton interaction [4] , propagated as one unit [5] , have been widely investigated. Bound solitons had been found to be another intrinsic feature of the laser operation [6] . Various types of bound states have been researched previously in mode-locked fiber laser include two-pulse bound soliton [7] , soliton molecules [8] , [9] , harmonic bound soliton [10] and bound operation of bound-soliton [11] . Some experimental observations on bound solitons have been demonstrated in fiber lasers passively mode-locked by the nonlinear polarization rotation (NPR) technique [12] , the figure-eight-cavity method [13] , and the real saturable absorber (SA) such as semiconductor saturable absorber mirror (SESAM) [14] and carbon nanotube [15] , [16] .
Over the past few years, 2-D material has attracted much attention of optics and photonics researchers because of its 2-D planar advantage in association with its broadband optical response [17] - [19] . The nonlinear properties of 2-D materials such as graphene, topological insulators (e.g. Bi 2 Te 3 ) and transition-metal dichalcogenides (e.g. MoS 2 ), have been employed for the generation of ultrashort pulse in the fiber laser and solid state laser ranging from 1 to 2 μm [20] - [23] . Furthermore, owing to their ultrafast recovery time and low saturation intensity [24] , bound soliton mode-locking has been generated from fiber laser mode-locked by graphene-based SA [25] , Bi 2 Te 3 -based SA [26] , [27] and MoS 2 -based SA [28] . However, the low optical absorption (πα = ∼ 2.3% for monolayer) of graphene makes it incompatible for the applications that required the larger modulation depth and high damage threshold of SA [29] . Despite the fact that Bi 2 Te 3 -based SA has large optical absorption and modulation depth, the defects of Bi 2 Te 3 could comparatively reduce the ability of optical absorption in Bi 2 Te 3 -based SA [30] . The high quality Bi 2 Te 3 might be prepared under extreme conditions at the cost of complicated preparation procedure [31] . MoS 2 had also been successfully applied as an effective SA [32] . However, it is only appropriate to operate in the visible and near-IR region because of its relatively large layer-dependent bandgap [33] (indirect bandgap of 0.86-1.29 eV [19] ), while its wide-band energy gap limits its application towards longer wavelength. It is of great demand to exploit new 2-D materials as efficient SA for generating ultra-short pulses. Recently, another new interesting 2-D material: black phosphorus (BP), has generated considerable excitement in infrared photonics and optoelectronics [34] due to its thickness-dependent direct bandgap (0.35 eV for bulk to 2 eV for monolayer layer) [35] and polarization-dependent optical absorption [36] resulting from the unique orthorhombic crystal structure. The broadband nonlinear optical response of few-layer BP has been demonstrated in wide spectral range from the visible (400 nm) towards mid-IR (at least 1930 nm) in our previous work [37] , emphasizing that BP is indeed another promising SA for delivering ultrashort optical pulse. Mode-locking operation and Q-switching operation have been obtained in erbium-doped fiber (EDF) laser at 1.5 μm [38] , [39] . At 1.06 μm, the high-quality BP saturable absorber mirror (SAM) has been fabricated for ultrafast pulse generation in solid-state laser [40] . Moreover, mode-locking [41] and Q-switching [42] at the mid-IR regime have also been achieved by means of BP-based SA.
In addition, quantum dots (QDs) format of 2-D material exhibits unique electronic and optical properties owing to their quantum confinement and edge effects [43] , [44] . Therefore, black phosphorus quantum dots (BPQDs) show relatively excellent stability, which is proved to be a candidate material for photo-thermal agents [45] and flexible memory devices [46] . Zhang et al. [47] theoretically established the optical absorption spectrum of BPQDs as a "flat band" near the Fermi energy, which originates from the edge states. This property renders BPQDs with a spectrum of wideband optical response [47] . In particular, BPQDs exhibit nonlinear optical absorption property that differs from few-layer phosphorene, which could be a great complement in engaging it as an efficient SA for the generation of ultra-short pulse [48] . However, to the best of our knowledge, the generation of bound-soliton in passively mode-locked lasers had not been reported yet using BPQDs-SA. Herein, we have demonstrated the bound solitons in EDF laser mode-locked by BPQDs-SA. Based on the balanced twin-detector measurement technique, the as-fabricated BPQDs-SA was found to exhibit a saturable intensity of 4.97 MW/cm 2 and a modulation depth of 4.9%, respectively. In addition, the present SA device was further implanted in an EDF laser as a nonlinear optical component in which two-pulse bound solitons and three-pulse bound solitons have been obtained.
BPQDS-SA Fabrication and Characteristics
The BPQDs are prepared from bulk BP crystals by several steps. First, the BP powder (20 mg) milled from bulk BP crystals (purchased from Smart Elements) is added to N-Methyl-2-pyrrolidone (NMP) solution (20 mL). Following this step, the solution is mixed with the NMP solution (180 mL) and NaOH powder (200 mg). Second, the mixture is heated up to 140 ºC for 6 h in nitrogen atmosphere to obtain the suspension enriched BPQDs nanosheets. Subsequently, the suspensions are centrifuged for 20 min at 7000 rpm to separate the non-exfoliated bulk BP crystals. The BPQDs are dispersed in the yellow supernatant. In order to conveniently apply the BPQDs to various settings and systems (e. g. fiber-based optical systems), BPQDs composite films have been fabricated from the BPQDs dispersion by drop-casting method [49] . At this stage, BPQDs dispersion solution in NMP (2 mL) is mixed with the powder of polyvinylidene fluoride (PVdF) (2 mg) and ultra-sonicated for 30 min in order to form the slurry of PVdF-BPQDs. The slurry is then casted and punched on an aluminum foil with an average thickness of 1-mm. With evaporating at 80
• C for more than six hours, PVdF-BPQDs composite film is covered on the aluminum foil. Consequently, the film is transferred between two fiber connectors as a fiber-compatible SA. Fig. 1(a) shows the transmission electron microscopy (TEM) images of the BPQDs. The average lateral size is 2.48 ± 0.4 nm by statistical TEM analysis of 200 BPQDs, as shown in Fig. 1(c) . Fig. 1(b) shows the high-resolution TEM (HRTEM) images of BPQDs, whose lattice fringes are 0.353 nm due to the (021) plane of the BP crystal. Fig. 1(d) g of BPQDs are blue-shifted and the corresponding blue-shifted differences are 0.9, 0.9 and 2.0 cm −1 , respectively. The average thickness of BPQDs is extremely thin considering to the Raman spectrum characteristics of BPQDs and our previous report [45] . The linear optical transmission spectrum of BPQDs is measured by UV-visible-NIR spectrophotometer (Perkin Elmer Lambda 950). The transmission coefficient is about 96.4% and the curve appears flat from 900 nm to 2100 nm as depicted in Fig. 1(e) .
In order to effectively investigate the saturable absorption property of BPQDs-SA, we have designed an experimental setup of the balanced twin-detector measurement system and one can refer to our previous work for detailed explanation [50] . The laser source is a home-made femtosecond pulse source where pulse with a maximum average output power of 12 mW, repetition rate of 20 MHz, and pulse duration of 600 fs. The experimental data is presented in Fig. 1(f) . After fitting by using the conventional formula of T (I ) = 1 − T exp(−I /I s ) − T ns (where T (I ) is the transmission rate, T is the modulation depth, I is the input intensity, I s is the saturating intensity, and T ns is the non-saturable absorbance), the modulation depth and the saturable intensity are fitted to be 4.9% and 4.95 MW/cm 2 , respectively. The BPQDS-SA can tolerate strong intensity (>100 MW/cm 2 at least) and the optical damage threshold of BPQDS-SA is predicted to be very high.
Experimental Setup
The experimental configuration of the soliton fiber laser passively mode-locked by BPQDs-SA is portrayed in Fig. 2 . The gain fiber is a piece of 3.0 m EDF with group velocity dispersion (GVD) of −13 ps 2 /km. And it is pumped by a 980 nm laser diode using a 980/1550 nm wavelength division multiplexer (WDM). A fiber-based polarization controller (PC) is therefore introduced in order to finely tune the in-cavity birefringence for optimizing the operation of laser. The optical signal is taken as output from the laser cavity with the aid of a 10% optical coupler (OC). A polarization independent isolator (PII) is utilized to force the unidirectional propagation of the laser. Specifically, BPQDs-SA is used as a passive mode locker. Each optical component is connected with pigtail fiber (single mode fiber: SMF) with a GVD of −23 ps 2 /km and a total length of 10.39 m. The total cavity length is about 13.39 m and the total cavity fiber dispersion is estimated to be −0.277 ps 2 . The output mode-locked pulses can be detected by an optical spectrum analyzer (Ando AQ-6317B), an radio frequency (RF) spectrum analyzer (N9322C) and a 4 GHz oscilloscope (DS09404A).
Experimental Results
In order to take the sufficient advantage of the unique nonlinear optical property of BPQDs-SA, the self-starting mode-locking operation is obtained in the EDF laser. By slightly tuning the positions of PC, one can obtain the two-pulse bound soliton operation at a pump power of 75 mW. Fig. 3(a) shows the typical spectrum of the two-pulse bound soliton at about 1568.5 nm with clear modulation period of 1.1 nm ( ν = 134 GHz), which suggests a pulse-to-pulse separation of 7.4 ps if calculated by t = 1/ ν. The CW and sidebands have also been seen in Fig. 3(a) . The corresponding autocorrelation trace has three peaks with an intensity ratio of 1/2, 1, 1/2, implying that the bound soliton is two phase-locking pulses, as shown in Fig. 3(b) . The single-pulse duration of autocorrelation trace is measured to be 1.21 ps. The real pulse duration of the single pulse of bound soliton is about 0.787 ps, calculated by multiplying a factor of 0.65 (assuming the single pulse of bound soliton is sech 2 profile). The pulse-to-pulse separation of the solitons is measured to be 7.5 ps, corresponding to the period of the spectral modulation. Fig. 3(c) shows the oscilloscope trace of the bound solitons. The interval between two peaks is found to be 65.95 ns corresponding to a fundamental repetition rate of 15.15 MHz. Fig. 3(d) demonstrates the RF spectrum of the mode locked bound-state solitons. The frequency difference between two peaks is 15.16 MHz and the signal-to-noise ratio of the fundamental repetition rate is 64-dB. No addition frequency peak has been seen in the inset of the Fig. 3(d) with a wide-band RF spectrum up to 600 MHz suggesting the relatively high stability of the laser operation.
With the increasing pump power towards 95 mW in association with change in orientation of the in-cavity polarization controllers, three-pulse bound state has been obtained, as shown in Fig. 4 . Fig. 4(a) illustrates the spectrum of the three-pulse bound state which is strongly modulated. Two types of higher and lower peaks have clearly been seen. The alternation of higher and lower intensity peaks is typical of three phase-locked pulses interference. The period of the spectral modulation between higher and lower peaks is 0.8 nm ( ν = 97.6 GHz), corresponding to a pulseto-pulse separation of 10.2 ps in time domain ( t = 1/ ν). The period of the spectral modulation between two higher peaks is 1.6 nm (195.2 GHz) with the corresponding pulse-to-pulse separation of 5.1 ps. The autocorrelation trace is given in Fig. 4(b) . Five intensity fringes are equally distributed with a separation between adjacent pulses of 5.2 ps. The ratio of the five peaks is about 1/3, 2/3, 1, 2/3, 1/3. The pulse duration of the autocorrelation trace is about 1.25 ps, which indicates that the real pulse duration of the single pulse of bound soliton is calculated to about 0.813 ps. Fig. 4(c) plots the RF spectrum of the mode locked three-pulse bound-solitons. The side-mode suppression ratio at the fundamental repetition rate of 15.1 MHz is 61.3 dB. After zooming in RF spectrum up to 500 MHz, no addition frequency peak has been seen, as shown in the inset of the Fig. 4(c) . Fig. 4(d) pictures the oscilloscope trace of the three-pulse bound-solitons, which shows the good stability of the three-pulse bound-operation. Once the fiber laser operates on the bound-state regime (twopulse or three-pulse), the bound-soliton operations can keep for several hours by recording the experimental data, indicating that the fiber laser has the excellent long-term stability. Furthermore, the bound-soliton operations of the fiber laser can also be obtained after several days later, when we start the laser system again.
Under an appropriate pump power and a suitable orientation of the intra-cavity polarization controllers, another two-pulse bound-state soliton operation has been obtained, which has been defined as the bound soliton made up of two pulses with different peak powers [27] . Three peaks have been observed from the autocorrelation trace, as shown in Fig. 5(a) . The pulse duration of the main peak in the autocorrelation trace is about 1.15 ps (the real pulse duration of the single pulse of bound soliton is estimated to 0.748 ps) and the pulse separation is about 4.97 ps. It is noteworthy that the ratio of the three peaks in the autocorrelation trace is about 1/4, 1, 1/4 irrespective of the classic value (1/2, 1, 1/2). The corresponding optical spectrum is shown in the Fig. 5(b) , whose modulation period is 1.65 nm. The periodic modulation exhibits no longer as clear as that shown in Fig. 3(a) . With regards to the comprehensive interpretation of the experimental observations, the spectrum and autocorrelation trace of the bound soliton are reconstructed theoretically. Fig. 5(c) and (d) are the reconstructed autocorrelation trace and spectrum under the incident two pulses with unequal peak power. While the ratio of the two pulse peak power of the bound soliton is estimated to be about 1,1/4 (see the inset of Fig. 5(c) ), the theoretical reconstructions agree with experimental results very well. 
Discussion
Recently, the BPQDs, which are ultra-small layered BP fragments, have drawn a lot of interest in biomedical science [45] and optoelectronics [46] , due to the quantum confinement and edge effects. Owing to the unusual and interesting optical and electronic properties, the QDs, such as colloidal semiconductor QDs, graphene QDs, and BPQDs, have attracted abundant attraction in the near-ultraviolet and visible regions. However, few experiments have been performed in mid-infrared region to discover the optical properties of QDs. For BPQDs, theoretical results are evident that the mid-gap states appear near the Fermi energy [47] indicates that the unique optical properties of BPQDs in the mid-infrared region are different from that of the ultraviolet-visible spectral regions.
In the present work, we have demonstrated the linear and nonlinear optical properties of BPQDs at the optical communication band. The BPQDs are found to exhibit the saturable absorption and could be used to generate the ultra-short pulses. Based on the excellent saturable absorption of the layered BP, BP-based SAs have been widely engaged in the laser cavity to obtained mode-locked and Q-switched optical pulse, as summarized in the Table I . Due to the thickness-dependent band-gap, the broadband SAs based on different thickness of BP could operate on fiber lasers and solid-state lasers from 1 to 3 μm. Furthermore, the high energy pulses have been generated for the benefit of the unique ultrafast relaxation dynamics of BP-SA measured by the pump-probe techniques [51] . However, the multi-soliton operations and the interactions of multiple solitons of the laser mode-locked by BP-based SA have not been studied in detail. The significant contributions of this article are that we have discussed the two-pulse bound solitons and three-pulse bound solitons mode-locked by SAs based on BPQDs. Our experimental results show that the BPQDs form the major promising material of saturable absorbers for the generation of the ultra-short pulse.
Conclusion
In the present work, we have demonstrated the generation of bound soliton in erbium-doped fiber laser passively mode-locked by high-quality BPQD-based SA, which is a fiber-compatible "sandwich" structure with BPQDs composite film fabricated by the drop-casting method from BPQDs dispersion. The saturable intensity and modulation depth of this device are found to be 4.97 MW/cm 2 and 4.9%, respectively, as measured by the balanced twin-detector measurement system. After incorporating the BPQDs-based SA into an erbium-doped fiber laser cavity, we have obtained the 15.15 MHz two-pulse bound soliton with pulse-to-pulse separation of 7.5 ps. The three-pulse bound soliton operation with pulse-to-pulse separation of 5.2 ps has been obtained by increasing the pump power. With careful tuning of the pump power and the orientation of PCs, the bound-state soliton with two different peak powers has been observed in fiber laser. The ratio of the two peak power is estimated to be about 1,1/4 from the restructuration of the experimental observation. This work might provide researchers with a promising SA prepared by BPQDs-SA that can allow for the effective generation of ultrafast bound soliton.
